Introduction
representative genera from seven other lepidosaurian families were I examined. Maxillary, premaxillary, and dentary tooth rows were
The generalized marginal tooth of a le~idosaurian reptile is examined using a binocular zoom ( l o x -3 0~) dissecting microscope. described as being simple, conica1, pointed, and with pleura-
The smallest specimens, belonging to the subfamily Sphaerodactyldont attachment to the bones of the upper and lower Jaws inae, were examined with a monocular compound microscope (60x- (Romer 1956; Peyer 1968; Edmund 1969) . This tooth structure 250x). The left lower jaws of selected specimens were coated with is known to be variously modified, but most modifications are variations in the dimensions and proportions of the conical shape. For example, many iguanids possess teeth with distomesially directed serrate shoulders (Hotton 1955) . Only a few investigations of lizard dentition have examined the morphology of tooth crowns in detail, and some observations are in error. Kluge (1967: p. 11 ) described the teeth of geckos as "pleurodont, homodont, typically small, numerous, cylindrical, and pointed." Neither Romer (1956) nor Peyer (1968) made specific comments on gekkonid dental morphology, nor did Underwood (1954) in his classification of the Gekkonidae. While preparing gekkonid skulls for osteological investigations, one of us (Murphy) noted that the tooth crowns were sculptured, a condition previously unreported in the literature.
Quite apart from tooth crown morphology itself, there is a paucity of information on the relationship between tooth morphology and feeding habits. Detailed studies of dental morphology and feeding habits of iguanid lizards have been conducted (Hotton 1955) , but no such survey exists for any other family of lizards-Perhaps for this reason, a deceptively simple picture of gekkonid tooth structure has been presented. Below we present the findings of our investigation of tooth crown morphology in gekkonid lizards.
Materials and methods
Eighty-five species of geckos, representing 40 genera and all four subfamilies (Kluge 1967) were surveyed (Appendix). Additionally, '~u t h o r to whom reprint requests should be sent.
Prinled in Canada I Imprime au Canada gold and photographed-while being examined via scanning electron microscopy.
Morphological description
Gekkonid teeth exhibit pleurodont attachment to the premaxillary, maxillary, and dentary bones. The structure of the tooth crown includes a variety of shapes: blunt conical tips; rounded surfaces; somewhat rectangular ridges; and rectangular planes possessing a series of parallel ridges. In most gekkonids, two centrally placed and lingually tilted "cusps" or ridges characterize the tooth crown (Figs. 1-10) . These are quite different from the serrate, fan-shaped shoulders typical of iguanid teeth. The tip of each cusp is centered on the lingual face of the tooth. The tip is directed toward the base of the tooth, and forms an obtuse angle that approaches 90" in some species. The distal and mesial shoulders of the labial cusp curve toward the base of the tooth and pass for a variable distance down the exposed mesiolingual and distolingual surfaces of the tooth. The lingual cusp usually approximates the shape of the labial i,, cusp. However, in some species the tip of the lingual cusp is not as well defined, and approaches a straight mesial-distal ridge (e.g., Coleonyx mitratus, Fig. 1 ). The distal and mesial portions . , , of the lingual cusp run parallel and medial to those of the labial cusp, but disappear more quickly.
There is aconcave sulcus between the two cusps. The deepest portion of the sulcus is closer to the labial cusp than to the lingual cusp.
The placement of the cusps varies, ranging from the tip of the tooth crown to the lingual face of the tooth. However, both the the cusps and their tips are directed lingually. Generally, both smaller and larger gekkonids have more upright cusps, while intermediate-sized species have lingually oriented cusps.
Although most geckos possess two cusps, there is a notable exception. Eublepharis kuroiwae is unique in having four cusps per tooth (Fig. 7) . The angle of the tip of the first (most labial) cusp approaches 90"; that of the most lingual cusp is much more rounded in profile, and the intervening cusps show intermediate angulations. The outer ridges of each cusp are approximately parallel. The tooth crown of E. kuroiwae is subrectangular, accommodating the first three cusps. The fourth, most lingual cusp is on the lingual face of the tooth. The tips of the cusps of both the upper and lower teeth are lingually directed.
Eublepharis kuroiwae has another unique feature, visible only at very high magnification (ca. 600x, Fig. 7B ). The tooth surface is composed of irregular, randomly placed polygonal plates. They appear to be placed without regard for the pattern of the cusps or the rest of the tooth. The edges of these plates may represent the locations of the margins of the cells that formed the surface enamel. This pattern was not observed on any other species examined using scanning electron microscopy.
-In a number of large gekkonids, the lingual cusp may be faintly defined or even absent. Only the labial cusp is evident and well developed in Gekko gecko and G . vittatus. In Hemidactylus giganteus, another-large gecko, the pattern of cusps is quite faint, expressed only as a distomesially oriented sulcus on the tooth crown. Cusps are absent in Chondrodactylus angulifer. It has large, stout, knob-shaped teeth with crowns that are somewhat rugose in appearance. Cusps are also absent in certain members of the genus Phelsuma. Among the taxa surveyed, cusps were not observed in either Phelsuma laticauda or P . sunbergi, and were very faint in P. dubia and P . madagascariensis. Phelsuma guimbeaui has cusps, but not on all teeth. While most extant members of the genus Phelsuma are not large, many are known to be frugivorous. The absence of cusps in some of these species may be associated with their diet.
In addition to variation in cusp number, development, and hentation, certain species show accessory structures. Coleonyx mitratus and C . switaki have supporting "buttresses" on the lingual face of the tooth beneath the lingual cusp, running parallel to the vertical axis of the tooth (Fig. 10) . Similar ridges may be seen in the Early Permian dissorophoid amphibian Doleserpeton (Bolt 1980) . Coleonyx mitratus also has a mesially directed, pyramid-shaped process on the mesiolingual aspect of each tooth. This structure lies near the base of the tooth, below the exposed line of the tooth row (Fig. 9) .
Lingually oriented cusps were also observed in the two species of skinks examined, Eumeces gilberti ( Fig. 11) and E . skiltonianus. L. L. Grismer (personal communication, 1983) reports lingually oriented cusps in the family Pygopodidae.
Discussion

Comparisons
Although there is variation among genera, almost all geckos are characterized by paired, lingually tilted cusps which are quite similar to the labial shelves on the marginal teeth of the lizard-like Early Permian reptile Araeoscelis (Reisz et al. 1984) . As noted, the presence of tooth crown "cusp" sculpting is not restricted to squamate reptiles. A number of authors have reported similarly bicuspid teeth in amphibians. Bolt (1977) tentatively assigned a bicuspid tooth from the Lower Permian fissure fills of the Fort Sill locality of southern Oklahoma to the Reptilia, but admitted that the specimen may belong to a microsaurian amphibian. Wake and Wurst (1977) Bolt (1977 Bolt ( , 1980 described similar structures in dissorophoid amphibians, and Kerr (1960) noted bicuspid teeth in some actinopterygians and urodele amphibians. The most mesial "incisor" teeth in Sphenodon bear small distal cusps in addition to the larger main tooth cusp, but similar structures are not found in more distal teeth (Howes and Swinnerton 1901). Thus, the presence of bicuspid teeth may not serve to define a taxonomic lineage. Nevertheless, we observed that gekkonid lizards show a number of morphological features not found in amphibians.
There are differences between gekkonid and amphibian tooth cusps. The amphibians have no distinct apex at the middle of each tooth cusp. Although some geckos (e.g., Gymnodactylus, Fig. 3) show an amphibian-like configuration, this could be either the primitive condition for the group or, more likely, an adaptation for feeding on soft-bodied prey. Similarly, possessing an apex on the labial cusp but not on the more lingual cusp (e.g., Coleonyx brevis, Fig. 2 ) may be an intermediate character state; additional investigations are required before assigning character state polarities.
The labial cusp of most gekkonids is more lingually oriented than that of amphibians, and is taller than the lingual cusp; both conditions are different from those of dissorophoids and lissamphibians. The lingual cusp of an amphibian tooth develops earlier than the more labial cusp, and is taller (Lawson 1965) . The (derived?) condition seen in gekkonids may be due to a change in the ontogenetic pattern of development in reptilian teeth. Significantly, the labial cusp of the unassigned toothdescribed by Bolt (1980) is more prominent and appears to have a weakly developed tip, reinforcing an assignment to the Class Reptilia.
Functional considerations
Although exceptions exist, most gekkonids are insectivorous. The ridge and apex pattern of the tooth cusps probably aids in grasping and controlling prey. Wake and Wurst (1977) interpreted bicuspid teeth in caecilians as having such a function. In gekkonids, both the sharpness of the tip (apex) of the tooth cusp and the cusp ridges allow a concentration of bite force. In addition, the more complex surface of the tooth cusp further aids in restraining the prey. Instead of an alignment of the cusps parallel to the distomesial axis of the tooth row, the cusp is usually angled relative to that axis. Thus, not only is bite force concentrated, it is presented in at least three different directions: the tips of the teeth themselves, and two lingually oriented axes corresponding to the ridges of the cusps. This orientation increases the animal's grasping ability; struggling prey is gripped by the entire tooth row, and slippage is decreased because of penetration of the cusps and their angle of orientation. Such penetration and angulation of the ridge-apex configuration likely helps to hold prey even when the mouth is partially opened. Wake and Wurst (1977) associated such a holding function with the recurved shape of caecilian teeth. Although gekkonid teeth are not recurved, the more complex cusp architecture and orientation facilitates highly efficient grasping.
Although gekkonid teeth are not recurved, geckos may be described as modified kinetic-inertial feeders, i.e., feeders that generate most of the bite force with the mouth partially open, and not when the teeth are near occlusion (Olson 1961 teristics point to the kinetic-inertial system. There is a large ently, the ridge and apex configuration of gekkonid teeth aids space between the pterygoids and there is no ventral pterygoid kenetic-inertial feeding by helping to restrain prey when the flange to provide for a strong point of attachment of posterior mouth is partially open, i.e., when bite force is maximal. pterygoid musculature. Additionally, the chamber for jaw
The bicuspid tooth pattern is probably associated, at least in adductor musculature is not particularly long or deep. Appargekkonids, with a diet of insects. Gekkonids that feed on soft-bodied prey (the smallest and largest of the geckos) have more upright cusps; medium-sized gekkonids, which (presumably) feed primarily on hard-bodied insects, have more lingually tilted cusps. These differences in cusp orientation may result from the undesirability of penetrating hard insect exoskeletons with nail-like teeth; it may be more efficient to restrain and (or) crush (rather than impale) hard-bodied prey. Empirical evidence supporting this hypothesis is obtained from mediumsized, frugivorous geckos of the genus Phelsuma. Among these geckos the bicuspid pattern is either poorly expressed or absent, and the teeth are more upright; two lingually tilted cusps are not necessary for the passive, softer diet of this group. Similarly reduced patterns of surface contours exist in the teeth of the largest geckos (e.g., Gekko and Chondrodactylus); these geckos are known to feed upon small reptiles, mammals, and large, soft-bodied insects. Thus, penetration of soft-bodied prey may be more efficient than crushing or restraining by force alone. In contrast to the large geckos, the smallest gekkonids invariably have well-developed cusps, even though they are less lingually tilted than those of medium-sized species. Thus, except for the very largest geckos, the cusps appear to be functional throughout the size range of the family Gekkonidae.
Phylogenetic considerations
Bicuspid teeth similar to those described here are present in many skinks and amphibians, and perhaps in certain types of actinopterygian fishes (Liem and Stewart 1976, Fig. 25) . Either bicuspid teeth have evolved independently a number of times, or, more likely, they may be a homologous, plesiomorphic feature, at least in lizards. Gekkonids are a specialized but early offshoot of the Lepidosauria, so possession of a primitive character state is not surprising.
Bicuspid teeth with patterns similar to those of gekkonid lizards are present in at least some members of the closely related family Pygopodidae, and in at least two species of skinks. The pygopodids are a sister group of the gekkonids (Underwood 1954) and thus the presence of cusped teeth is not surprising. However, the skinks are not thought to be a sister group of the gekkonids and pygopodids (Camp 1923; Gauthier 1982) . That biscuspid teeth are present in the skinks reinforces the conclusion that cusps are primitive in lizards. Consequently, the nonbicuspid tooth may be considered apomorphic, allowing future investigations to include tooth shape and tooth crown morphology as a character for phylogenetic investigation. If the bicuspid tooth is primitive, then within the Gekkonidae the presence of four cusps must be considered apomorphic and can serve to define a monophyletic lineage. And similarly, the "iguanine" tooth crown structure (Fig. 12) serves as a synapomorphic character state uniting the Iguanidae, Agamidae, and Chamaeleontidae. A detailed examination of representatives of other lizard families may identify additional synapomorphic character states.
